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DESIGN AND OPERATING EXPERIENCE ON THE U.S. DEPARTOENT OF ENERCV 
EXPERIMENTAL HOD-0 100 kW WIND TURBINE 

Jolm C> Glasgow and Arthur C. kUrclicnougti 

National Aoronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio ^^135 


ABSTRACT 

The Mod-0 100 kW Experimental Wind Turbine was 
designed and fabricated by NASA, as part of the 
Federal Wind Energy Program, to assess technology 
cu[|ulrcmcnts and engineering problems of large wind 
turbines t The machine become operational in Octo- 
ber 1975 and Ims demonstrated successful operation 
in all of its design modes. During the course of 
its operations the machine has generated a wealth 
of cxperlmentol dotn at.-! nas served as a prototype 
developmental test bed fsr the Mod-OA operatlonol 
wind turbines which are currently used on utility 
networks, This paper deticribes the mechanical ond 
control systems as they evolved in operational 
tests and describes some of the experience with 
various systems in tlic downwind rotor configuration. 


THE MOD-0 100 kW EXPERIMENTAL WIND TURBINE is a 
part of Che Federal Wind Energy Program under the 
direction of the U.S. Department of Energy. The 
NASA Lewis Research Center has designed, built and 
erected this machine ntar Sandusky, Ohio and is 
currently testing it to obtain engineering data on 
large horizontal axis wind turbines. 

The wind turbine described in a previous re- 
port (1)* has a 38 ra (125 ft) diameter two-bladed 
rotor which drives a 125 KVA synchronous generator 
through a step up gear box. The rotor is position- 
ed downwind of a 30 ra(lOO-fc) steel truss tower ns 
pictured in fig. 1. The rotor Is designed to oper- 
ate at a constant speed of 40 rpm and It drives a 
480 V 60 Hz three phase generator at 1800 rpm. 

Rotor speed or output power level is maintained by 
controlling rotor blade pitch angle with an active 
feedback control system. The rotor, generator, 
transmission and associated equipment arc mounted 
in a nacelle, fig. 2, which can be yawed to align 
the rotor with the wind and power, Instrumentation 
and control connections to Che ground arc made 
through slip rings. 

The turbine was designed to begin generating 
power ill winds of 16 km/hr (10 mpb) and produce 
100 kW at a wind velocity of 29 km/hr (18 mph). In 
winds above 29 km/hr, the generator continues to 
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operate at 100 kW output by adjusting the pitch of 
the rotor blades to spill excess wind energy, Wticn 
tiic wind velocity exceeds 48 kni/br (30 mph) or drops 
below 13 km/hr (8 mph) the generator is taken out 
of synchronism with the power network, the blades 
ara feathered to bring the rotor to a halt and the 
machine is shut down to await the return of winds In 
the proper velocity range. The high wind speed 
limit is set by structural limits of the rotor. The 
low wind limit is sot to keep the wind turbine from 
drawing utility power to maintain rotor speed. In- 
itially the Mod-0 was designed to operate in winds 
between 64 kr/br, (40 mpb) and 13 kra/hr (8 mpb) but 
rotor loads encountered in winds above 48 km/hr 
(30 mph) mode it necessary to limit wind maximum 
wind velocity to 48 km/hr. The follow on Hod-OA 
operational wind turbines wore built wltli added 
strength in the rotor and operate in winds between 
13 and 64 km/hr, (8 and 40 mph), 

Final assembly of the machine was completed In 
September 1975 and since that time successful opnr- 
atlon of the wind turbine has been demonstrated for 
each of its design operating modes at 40 rpm: man- 

ual opcruclon on a resistive load, synchronized Co 
a lorgc power grid and a small power Erld, and un- 
attended automatic synchronization ai d operation on 
a large power grid. 

This paper presents a brief description of the 
wind turbine mochanlcol aystems and, in somewhat 
more detail, the control systems which are used in 
manual and automatic operation of the maclilnc. Op- 
orotlonal experience with regard to Chn pitch con- 
troller is discussed and the problems encountered 
before a satlsfoctory yaw drive scheme was defined 
aru recounted in some detail. 

MOD-0 WIND TURBINE DESIGN 

The Mod-0 wind turbine design is presented in 
Mils paper in two categories, mechanical design and 
control system design. The designs are presented 
as they have evolved over 2 1/2 yeors of operational 
experience and chose items in the mechanical system 
which required modification from the original de- 
sign ate emphasized. Tlie control systems also were 
designed or modified as operational and Cost ex- 
perience was gained and arc discussed in greater 
detail Chan Che mechanical system which has been 
presented in other sources (1). 

MECHANICAL SYSTEM - The wind turbine nacelle is 
depicted in fig. 2 and consists of a two-bladed 
rotor, a low speed shaft which supports the rotor 

^Numbers in parcnChcBes designate references at 
end of paper. 
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and drives o jcncralor tlirougU a 43 to 1 btQ|> up 
gear box and 'V" bcltSi The wind turbine goncrates 
100 kW ol oloctrlc power nt a wind spood of 29 km/ 
tir> Rotor power lu oontrollcd by nn active control 
uyntcin which changes rotor blade pitch by mennu of 
hydraulic actuators. I'he system permits collective 
pitcli changoo only. Hydraulic power is supplied 
from a system mounted in tlie nacelle and is deliver- 
ed to the hub through the low speed shaft. Align- 
ment with the wind is maintained by redundant yiiw 
motors through a double reduction self locking worm 
drive engaging a bull gear attached to the nacelle. 

Since the Hod-0 was first put Into operotien 
in October 1975, seme cliangcs In the raochsnical de- 
tolls of the nacelle have boon incorporated and are 
depleted in the cutaway drawing. Those changes in.- 
cludc tliC fluid coupling on the high speed U800 
rpm) shaft, the duol raw drive and the yaw brake. 

The fluid coupling is installed to introduce damping 
into the drive train. Slip can bo varied by ad- 
justing the level of fluid making it on ideal de- 
vice fir an experimental program. Tlio dual ynw 
drive was added to provide more stiffness to the 
ynw drive and to eliminate the free play j.n ynw tent 
is present in the single ynw drive system. The y^i^ 
brake was added by placing n large disk between the 
yaw drive gear and the nacelle and spacing three 
brake calipers around the circumference of the sup- 
port cone. Aside from these changes tlio Mod-D wind 
turbine mcchanlcsl system essentially corresponds 
to the original design. Tlie design changes and tlic 
reasons for incorporating the changes are discussed 
more fully later in this paper under the Operational 
Experience Section. 

CONTROL SYSTEMS - The Mod-0 wind turbine la 
designed to be a fully aucobuitic piece of power pro- 
duction equipment for use on a utility grid, In 
order to meet these requirements the control system 
had to be capable of monitoring wind conditions, 
maintaining alignment with tlio wind, controlling 
rotor speed and power level, starting, synchro- 
nizing, and stopping the wind turbine safely, moni- 
toring key pararaocors throughout to assure tlmt 
critical items are operating within specified tolcr- 
snccs, and providing a remote operator (typically 
a power dispatcher) the capability of storting and 
stopping the machine. Five control systems were 
prcvlded on Mod-0 to accomplish these tasksi 

1. Tlie rotor blade pitch controller which ad- 
justs blade pitch to control rotor speed or alter- 
nator output power. 

2. The ynw system which keeps the wind turbine 
aligned with the wind. 

3. The microprocessor which controls the auto- 
matic operation of the wind turbine including start- 
up, synchronizatlnn and shutdown. 

4. The safety system which monitors system op- 
eration and provides a wind turbine shutdown signal 
when out of tolerance performance is detected. 

5. The remote control and monitor system which 
provides n remote operator with the ability to en- 
able the. ralcroproceaaor to start or stop the wind 
turbine and to monitor machine performance, 

A block diagram depleting the interactions of 
the control systems is shown in fig, 3, Tlie five 
control functions operate nearly independently and 
ate interfaced to each other through the microproc- 
essor. 

PITCH CONTROLLER - Wind turbine rotor power is 


a function of wind speed and blade pitch angle. 
Therefore, either rotor speed or rotor power at n 
given rotor speed can bo controlled by adjusting 
blade pitch angle. The relationship between rotor 
power and blade pitch angle for tlio Mod-0 turbine 
at 40 rpm is given in figs, 4 and 5. 

The Mod-0 pitch controller operates to maintain 
oitlior rotor speed or rotor power by moans of a 
hydraulically actuated blade pitch nicchanlom whlcli 
is activated by o closed loop servo syntem, Tlio 
servo controller operates in three modoaj closed 
loop control to reguloto speed i closed loop control 
to regulate power output; and pitch angle poaition 
control used ut low rotor rpm where speed control is 
Inoffcctlvo, sec bolow. A block diagram of the 
pitch controller Is shown in fig. 6. As indicated 
in tlie figure, speed nnd power are controlled with 
a simple proportional plus lntcgr.ll control func- 
tion. 

The pitcli controller is programnicd to incrcaac 
blade pitch angle to increase rotor power and de- 
crease the angle to reduce power. Tlie pitch angle 
limit is set at 0° to avoid the region of stall that 
occurs in low winds, fig. S. The wind speed limit 
of 48 km/hr (30 ini>h) is set by the structural limits 
of the machine, and the power limit is set by the 
drive train and generator design. 

In a typical operation cycle tlio wind turbine 
Is started by ramping (i.o., linear increase as a 
function of tlinb.) blade angle using posicion control 
until a 5 rpm rotor speed Is obtained. Above 5 rpm 
closed loop speed control is used to increase rotor 
speed to 40 rpm by ramping the speed set point. The 
40 rpm speed is mslntnliied while the automatic syn- 
cliromlzer connects the alternator with the power 
network. At this point the controller is switched 
to the power control mode and the set point is ad- 
vanced to 100 kW. The rotor speed is maintained at 
40 rpm by the synchronous torque of the power net- 
work, At shutdown, hlsdc pitch angle is reduced 
until Q zero power output is QcUlevc(i at which point 
Che alternator is disconnected from the network, 
blade pitch angle decrease Is continued until the 
rotor is brought to a halt and the blades arc feath- 
ered at nn angle of -90°. The rotor blades are lift 
SC this angle until a startup command is rcccivco. 

YAW controller - The yaw controller is used to 
keep Che wind turbine aligned with the wind. The 
sysCcni is powered by two redundant yaw motors elec- 
trically paralleled and mechanically coupled to 
share the load. The motors drive two double reduc- 
tion worm drive gear boxes connected to the nacelle 
bull gear by plnnlon gears. The ynw drive system 
drives the nacelle at a constant speed of l°/sec, 
a rate which was act to limit rotor loads induced 
by the gyroscopic effects of yawing. Tim dual ynw 
drive and yaw brake is depicted in fig. 2 nnd ate 
discussed later in the paper. The features of Che 
ynw controller will he discussed Imre. 

The yaw controller senses directional error 
from a wind vane mounted on the nacelle, fig. 2, 
which measures the apparent wind direction relative 
to the nacelle, o direct measure of yaw error. The 
wind vnne signal is filtered by a 30 second time 
constant filter to eliminate noise nnd to smooth out 
transient wind shifts. The controller has o dead 
band of +25° which must be exceeded for several 
seconds, due to the filtering, before a correction 
initiated. Once activoted, the yaw motors rc- 


Glasgow, Blrchenqugh 


2 


main on unLll tlm CUtdvniJ ynw error nlnn.-il la with- 
in +18«. 

riip yaw control nyatem an orl|;inally coiifljj- 
uroil Vila more roBiionslvo to yaw orrora timu tlio 
ayatem dcacribcd aIiovo> Initially tliu coiitrollur 
had a pcriniaaabiu orror band of Hhl5° and panned tlio 
uiiinal tliron(^)i a 15 accond Ciltcri Tlila ayatem 
wau found to bo ronpandlnB to Ills'* frequency vari- 
ation in wind diroctlon« an indicated by tlic nncollo 
wind vane, wliicli created aimoat conatant oporaclon 
of the yaw motora with little or no effect on the 
polntlnn accuracy of tho wind turbine, Iflicn tbelim- 
Ita were opened up the yaw motora were found to op- 
crato typically Icaa than five tlmca per hour with 
no adverao effocta on the puintins accuracy. 

A yaw brake ia provided to restrain the nacelle 
in yaw, fin, 2, Tho brake ia naed an a pnuatvo re- 
atralninQ frictional force in yaw. Tlic lirakc aya- 
tem id prcaaurircd to a conatant prenaure and in 
left on tlirougliout for operatins and nonopcratlns 
condltlonn. Tlie yaw brake la diaciiaaed in Bre.itor 
detail below under Operating b'xpericncc. 

For antom.itlc operation of the wind turbine 
the ynw controller la operative whenever tlie wind 
velocity in above 13 kni/lir (8 inph) , and la dlaarnicd 
in lower wind voloeltlea. 

TIIF. MICIIOPROCRSSOK - The mlcroproceaaor la tho 
control unit which pcnulta unattended automatic 
operation of tlm wind turbine to take place, Tim 
unit provldoa tlm commnnda to Initiate tho atartup, 
control the nonunl operation , and shutdown tlm wind 
turbine baaed on wind conditions. Once tlm nitcro- 
pi'occasor has been activated no other function ia 
required of an operator tmlesa Im wants to abut down 
the wind turblno and/or diuablo the microproccaaor. 

Once enabled the microproceaaor monitora the 
wind and Initiatca a startup aequonce fig, 7, wlien 
the wind apeed excooda 21 km/ht (13 niph) . During 
the startup sequence, the pltcli hydraulic aysconi 
ia started and after tlm proaaure builds up the 
rotor blades arc pltclied at a rnto of 36° per minute 
toward the power position. When the rotor upced la 
greater than 5 tpm the pitch controller la awitolied 
to apeed control and tlm speed act point la in- 
creased at tho rate of 15 rpro/tnlnutc to aynclironous 
speed. Just below synchronous speed the alternator 
field la nctivstcdi and at 40 rpm Che autoimiclo 
aynohroniJior is enabled. After tlm alternator is 
connected to the power grid, the pitcli controller la 
Bwitcimd to tlm power control mode and tlm set point 
is advanced to 100 kW wblcli coraplocca the startup 
mode. 

Tho uhiitdowii aequonce la also automatic mid 
can bo initiated by un operator command, wind condi- 
tiena, the safety system, or aevernl clmckpolnta in 
tlm microprocesBor program. Tho sluitdowri sequence 
is ahoi'm in fig, 8, Upon receiving a stop command, 
tno microprocessor suitches the pitch controller to 
Che pitch control mode. The blade pitch angle is 
then reduced at tlm rate of 30° per minute until the 
power output la cero. Tlm alternator ia then dis- 
connected from tlm Hue and the field is turned off, 
Wlmn . the bl.ides are fully feathered tlm pitch hy- 
draulic system la turned off. 

If the shutdown is Initiated by an nimccoptablc 
wind speed, tlm wind turbine will start automati- 
cally when the wind speed returns to within accept- 
able bomidaricB. Althougli startup requires a wind 
speed greater than 2] km/hr (13 mph), shutdoim is 


not initiated until tlm wind drojia below 13 km/hr 
(8 mph), which reduces the atartup-ahutdown cycloa 
in light variable wiiula. Similarly, ahucdnwn la 
Initiated by winds above 48 km/br (30 rapli) and re- 
start la not initiated until tlie wind veloelty drops 
below 40 km/hr (25 mph) , The wind apeed algnnl to 
tho mlcroproeouBor la filtered through a 1 minute 
filter to further reduce unnecesnary eyellng. 

The intcropruceasor will also Initiate a ahnt- 
down aeituenco on command by the operator; whenever 
an abnormality in deter ted by the mlccoprocosaor ; 
or on a signal from the safety ayatcra. Abiiornul- 
iclea detected by the mlcroproeoaaor include; Sluw 
atnrtup or aynchrouixatlon, loos of hydraulic prea- 
Buro, ioaa of aynchrunlzatlou, and microprocessor 
failure. Fnch of these condltloiui initiates a wind 
turbine sbutdawn and rcqiilrco an on aice react be- 
fore the wind turhlnc can be restarted. 

A description of the Mod-0 microprocessor 
bardwaro, program development and operational ex- 
perience ia presented in Kef, 2, 

SAFETV SVSTEM - The concept of nnntte;ided op- 
eration dictates that a protective ayatem monitor 
tlm wind turbine and effect a safe aluitdowii if a 
malfunction or out of tolornnco performance is de- 
tected. Tho ayatem must bo rollnblc to prevent un- 
necessary ahutdowna but must incorporate reduiidnncy 
and failsafe designs to insure adequate protection. 

The safety, system developed for tho Mod-0 wind 
turbine incorporating these fentures is shown in n 
block diagram in fig. 9, The ayatem includes a 
series of primary sensors conmioctcd to an Intcr- 
fnce/annunciator circuit. The aimunclntor is pro- 
vided to allow a rapid detormluation of tho cause 
of shutdown. The anmmcintor fiinctien, condenoed, 
is also transmitted to tlm remote control at>d mon- 
itoring station described below. The output of the 
interface circuitry controls a relay logic system, 
Intorconiicctod with tlm wind turhlne electrical 
system, which effects the shutdown. 

A second set of sensors is used ns a redundant 
but not complete error detection shutdown system. 

In this system, an Independent path is used to ef- 
fect tlm shutdown mid orrora detected in the wind 
turbine nacelle effect a shutdown by switching na- 
celle wiring directly without running signals to the 
control room mid buck to the nacelle as 1b done in 
tho primary system. Tlm safety ayatem is fuactlon- 
ally Indcpeiidciit of the data er.d control systems 
and provides a positive override in the event of a 
detected failure. 

Safety system primary sensors arc listed below; 

Toemorature noiiaiiiK . - Low speed shaft bearings 
(2); high speed shaft bearing; gear box; ulte.riintor} 
pitch hydraulic fluid; pitch hydraulic pump motor. 

Vibration . - Low speed shaft bearing (rotor). 

I’nouiiiatic iiroasuro . - Emergency feather gus 
bottle. 

Hydraulic prosBuro , - Pitch hydraulic pressure; 
ynw brake pressure. 

Hydraulic level . - I’itcb hydraulic; ynw hy- 
draulic. 

Ynw error . - (Nacelle relative wind angle) 

Electrical . - Overcurroiit; Instantaneous trip; 
time Qvorcurrciit trip; reverse power - alternator. 

Kotor overspeod . - 42 rpm. 

Microiirocoosor . - Cycle timer reset by micro- 
processor software. 
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All QrroL’ frapi any of tlinuc ucitaoru will cntiuo 
an nnargQiicy aluiLdoun. In mi oaoruoiicy aliuctluwiii 
a vnlvo In the pitch hydraulic ayaCcm la opened 
wlilcli driven tius rotor bladca to tho rciicltor poui- 
tlon at a fixed rate of 30“ pee minute, Tliia pro- 
cedure la roforrod to na an omeraency foatlict of 
the rotor. Two aocoiids after the emorBoncy fontlier 
la Inltlnted, tho flold contractor, and the ayncliro- 
nlaliig contractor are opened. Tho 2-aecond delay 
la provided to liiauro that tho hladoa nro foatlieroU 
enough to prevent ovorapecdliiB when the electrical 
load la removed from the rotor. Additionally, the 
mlcroproceaaor la given a halt coimmind which in- 
atructa It to ahutdown ttic nuictiine. 

The rodundmit oyatera la intended aa a backup to 
inuuro safety In tlio event of a failure In the pri- 
tmiry oyatom. The aonaor list la not aa oxtcnaivo, 
but generally duplicatoa the primary ayateni, using 
acpnrrtte acnaora and wiring threughout, Tlie follow- 
ing are redundant acnaora: Vlbratlan, low apoed 
ahaCt (rotor); Yaw error, iiacelle/weathor cower dlf- 
forenqei Electrical, ovorcurront, reverae power 
(alternator) : PnounuiCic pressure, emergency foathor 
gas botclo, rotor brake gaa bottle; Overapeed, high 
apecd aliaft. 

Yaw error and overcur vent alintdowiiB comraunded 
by the redundant safety aystera ace identical to tho 
primary ayatem ahutdown except that the mlcroproc- 
caaor la not directly halted, and completely indo- 
pondent wiring la used. Vibration and pnoiinuitlc 
proaaurc sonsora cause only an emergency feather, 
and overapeed to AS rpm causes emergency feather 
and rotor bniko application. Tho redundant ayatem 
la designed na a backup, therefore the acnaora arc 
oet to trip at allghtly larger errors. \ redundant 
shutdown eauaing only emergency feather, l.e., vi- 
bration or prcaaurc, will cause a completo emergency 
shutdown because the overcurrent aonaor will doayn- 
chronico tho machine when the rotor blado angle has 
been reduced enough to produce negative load on the 
gonerntor tripping the ovorcurront aeiiaor. In this 
event the machine ahutdown is comploted by tile safe- 
ty systom directly rather than depending on tho ml- 
croprpccaaor to complete this function no la done 
in a prima ry ayatem shutdown. 

REMOTE CONTROL AND MONITOR SYSTEM - Tho Remote 
Control and Monitor System (RCMS) provides tho in- 
terface between the wind turbine and tho power dla- 
patclier’a control room. The RCMS uerves aa a con- 
trol link, status indicator, and performance moni- 
tor, and is connected to the wind turbine by a pair 
of tclophono wires. A single unit la capable of 
controlling a nunibor of wind turblnea. The RCMS 
control panel is sliown in fig, 10. 

The system is capable of two control functions 
or on-off command pulses: (a) startup and simtdown 

of the wind turbine through the microprocessor and, 
(b) Initiation of an emergency shutdown of the wind 
turbine. Tlie startup command enables the microproc- 
essor wlilch takes control of tlie wind turbine. The 
shutdown comrantui tells the microprocessor to shut 
down and doactlvato the wind turbine. After this 
command has been sent the power dispatcher miist sci^d 
a startup command before the wind turbine will begin 
another startup Sequence, Tho emergency shutdown 
command la sot directly to tho safety system and is 
provided as a bickup to the normal sliutdown coranmnd 
through tho microprocessor. However, if the wind 
turbine is halted by the emergency shutdown signal, 


an opetntor muut reset tho safety oyatem ot the wind 
turbine ulto before the ntaclilne can bo rcaturted. 

Ttic status indicators show machino conditions, 
blades featlicrcd and automatic or manual operation, 
and 6 possible error conditions detected by the 
I saCoty uystems: overspeed, yaw error, temperature, 

uverciirrcnt or reverse power, vibration, .iiid hydran- 
i lie or pnouimitlc systems falliiro. Addltlonaliy, 

I the status of the mlcroproccnsur is liidic,itcd eii the 
control function panel. 

I’erforraance of the tiuichiiio can be. monitored 
through nn analog data section. Four channels of 
data are displayed In digital focmat; wind speed, 
rotor speed, power and VARS or reactive power. Any 
two chnmicls can bo monitored slmulcnneously, with 
the readouts scaled in engineering units . 

OI’ERATIONAL EXPERIENCE 

Since the Mod-0 wind turbine was dedicated in 
October 1975. operational techniques have heeii de- 
veloped nud niucli technical data has been obtained 
nml reported to the wind turbine community. The 
items reported lioreln wore chasen oltlior to demon- 
strate tlie design evolution of the Hod-Q wind tur- 
bine or because of the current Intcrout expressed 
in the particular mibjoct matter by the wind tur- 
bine community. 

YAW DRIVE EXPERIENCE - Wind durbliies having 
two blaacs have often oxporlonced difficulties In 
somo phase of their development from the oscillatory 
forces ImUiced hy the two bladod rotor. The forces 
arise because the two hladcd rotor is not polar 
syminctrlc and large cliangca in moment of inertia 
occur about tlie vertical axis as tho rotor turns 
througli 360°. The condition is aggravated when the 
luiccllo azimuth is changed to malntniii alignment 
with tlie wind or the nacelle is disturbed in yaw by 
external forces mich as cliniiges in wind direction 
or velocity. 

The Mod-0 yaw drive experience presents the 
Stops taken to deal with yaw drive problems. In- 
cluding unsuccessful attempts and tlie final design 
wliich produced satisfactory operation of tho wind 
turbine. The doslgn evolution Included a single yaw 
drive and a dual yaw drive with a yaw brake, Tests 
wore also run using a free yaw system (l.e., yaw 
drive disconnected from the nacelle) with the yaw 
brake providing n roBtrnliilng force. 

SINGLE YAW DRIVE - The Mod-0 wind turbine was 
designed with a positive yaw drive driven by redun- 
dant 10 hp electric motora. Nacelle azimuth was 
imilntaliied and altered by a self-locking double re- 
duction worm gear driving a pinion wliich engages a 
bull gear attaclicd to the nacelle, as depictsd ii. 
fig. 2. Initial tests of this system were discussed 
in ref, 3. The yaw drive ayatem aa Initially in- 
stalled had two problems, first free play in the 
mechanism permitted yawing motion to occur and sec- 
ond, the Stiffness of the mechanism resulted in a 
nacelle yawing resonant frequency very near to twice 
tlie rotor speed, "2P," a frequency at which there 
la a significant driving force available on a two- 
bladed machine. The free play, the resonant fre- 
quency, and the small drag afforded by the friction 
in the yaw bearing came togotber to produce o prob- 
lem characterized by nacelle yawing nrotlon and high 
rotor loads, including tho blades and the low speed 
shaft wliich supports the rotor. 
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The dual yiiw drive will) liuUallcd to nllcvlatc 
thin prohlota by rnioiiiB tlio yawina trcqiieiicy above 
the "2P" point to 2.5 P and cUmlimtlna free play 
ir;'' preloadlna one drive iilini’t aaaiiuit ttm other. 

A ya brake wau liiutalled aa a backop oyotoin to be 
need for additional y.aw ivocralnc In eauo thlo was 
needed, 'fho rovined yaw drive and brake in de- 
picted In fla. 2. 

IIUAI. VAM DUIVa - initial teatu With the dual 
drive ayotem Indicated that the purely olaatic re- 
otr.aint in y.w w.an nnHntluCaetory. lllp,h yaw rq- 
eponue with attendant exceosivc rotor ioada wore 
again experienced in goaty wlnda above 30 km/hr and 
the yaw brake waa craployed to provide additional 
reiitruint. tho yaw brake wnii oacd to lock tho na- 
collo to the tower ({urlng noroal operation and to 
provide n drag Corco or damping wben yaw adJuatmontB 
wore being raado by the yaw drive. Tivla requived a 
two atnge preauure aystem for ti»o yaw brake, a 
locking prosuutc and a aomowhat lower drag prouanro. 
I'lrat operatloa with thla ayatem waa tried with a 
36 70Q N “In drag force on the uacullo during yawing 
opor.'itlona (27 50Q Ct-lb), mid tlilu waa found to 
lie too low to provent high amplitude yaw uioCloii 
during yawing operatioua. Tho drag force waa liv- 
crertBcd to 100 000 H-m mid tho Incroaaod damping 
reduced tho motion oiid ioada to within ncceptuhle 
lovola. Thlo two otage presaure brake oyatom waa 
found to be aatlafactory and waa used on tlio Mod-0 
and Mod-OA wind turblnca. 

Two additional teats have boon conducted on 
the Mod-0 wind turbine yaw system wlilch have yielded 
promising results. In the Intorest of sliiiplifylng 
tho yaw brake system, tests were rim in wlilch tho 
preload was removed from the yaw drive mechanism 
mid tho imcuilo was allowed the normal free play in 
yaw built into the system. Tho yaw hroko was used 
ns a passive roucrnlniiig force in chose tests sup- 
plying a damping force when the yaw motors were off 
and a drag force when nii nsiimitli cltango was being 
made. Tests with this system at various brake pres- 
sures liave boon completed and the rosulta arc being 
evaluated at tills time. However, we have concluded 
■It this point that the passive brake system with a 
single pressuro is at least us good as Che active 
two stage pressure system In providing the yaw rc- 
otraiiit nocosstiry to keep rotor loads within ac- 
ceptable limits, while grentoly simplifying the yaw 
brake system. 

FUSE VAH - Tests bnvo been conducted on tho ’ 
Hod-0 wind turblnu in passive or free yaw, Tho 
tests were inspired by siiggestions by K. llohcnemsor 
(6) among others and were conducted with tho yaw 
drive disconnected and the nacelle free of any posi- 
tive yaw drivo. During these tests the yaw brake 
was used as a safety device and could bo controlled 
from the wind turbine control room to provide yaw 
restraint should any Instabilities occur. 

Tests with the wind turbine in free yaw indi- 
cated chut the System was at least neutrally stable 
in yaw while operating at 60 rpm and synchronised 
to a utility grid with no drag from tho brake. A 
tendency did exist Cor tho machine to wander or os- 
cillate in yaw at a very low frequency under free 
yaw eonditions as Indicated In fig. 11, However, 
the application of the yaw brake stabilised tho na- 
celle in yaw mid produced satisfactory operation. 

The nacelle yawed out of the wind to angles ns high 
at 50“ and returued during the tests. The nncolle 


yaw angle waa bianed to tlie pualtlve aide during 
normal o|icr,’itioisr when the turbine was proiluclng 
power and bimied to the negative side wlicn the tur- 
bine was motored in low wimhi. Tho yaw angle error 
data in proseiued in fig. J1 which nine nhowo the 
effect of yaw brailo rontralnt in HtabllJcing (he 
nacelle in yaw, Hotur loads were execnnlve when the 
micelle wan allowed to wander or eucillnte, unre- 
strained by tho yaw hr.iko. y.awltig rnten of 5“ per 
second were sometimes reached and high rotor loads 
aceompanted these eonditions. (The design yaw rate 
with tho yaw drive is 1“ per sec.) The appileatloii 
of the yr.v brake eliminated tho high yaw rates ami 
appears to pormit the nacelle to make yaw correc- 
tions Co maintain alignment with tho wind as iiidl- 
entud ill the figure. 

Tests wore also conducted in the free yaw con- 
dition to determine if the wind turbine would align 
itself with the wind during nonoperating or shutdown 
conditions. In shutdown ilic wind tiirblno blades 
arc feathered, i.o., blade pitch angle la -90“ com- 
pared to 0“ for Cull power, tho rotor is free to ro- 
tate ond the yaw brake is rclenned. It was demon- 
atrnted that tho wind turbine in this sbutdown con- 
dition would reorient Itself into the wind from any 
yaw error including 180“ in less tban a minute in 
winds above 13 km/hr (B mph) , This io faster Llian 
tho sumo maneuver can bo accompliubcd by the active 
yaw drive. Teats liiwo also indicated that the ma- 
chine remains in alignment with the Wind in winds 
above 13 km/hr which is compatlblo with our utartup 
wind speed of 21 km/ht (13 mph) . 

The free yaw teat resultu arc presently being 
analyzed as arc the pasulvo yaw brake results and 
Will be the subject of o more Uotnilcd treatment uu 
a later date. However, wo Colt that the results are 
of algiilficunt Interest to the wind turbine commun- 
ity and should be prcHcnted in thla ptcllmliiary 
form. 

POWER CONTROLbER OPERATING EXPERIENCE - The 
Mod-0 design did not include the fluid coupling in- 
dicated In the cutaway drawing, fig. 2, The orig- 
inal design called for a rigid steel shaft between 
the step up gear box and tho "v" belt slieavo bearing 
support, initial tests with tills design In synchro- 
nous opoi’otlon showed tho power control to be un- 
stable when proportional control was added to the 
system mid operation in high gusty winds created 
largo variations in power level when only integral 
control was used. Power fluctuations ns indicated 
in fig. 12 were encountored with this drive train 
configuration mid attempts to increase control sys- 
tem rospoiisc by increases in loop gain wore liraitod 
by InstnblltticB. The problem was caused by the 
presence of a lightly damped drive train vibration 
mode wltli a freqmicy very near tho rotor speed, 

"IP," (5). Increases in loop gain made tho system 
resonant nt this frequency and lower gain settings 
did not provide udoqnntc response to nialiitain con- 
trol of power level during gusty, high wind condi- 
tions. 

The fluid coupling provided a solution to this 
problem by adding damping to the drive train which 
permitted us not only to use proportional control 
but also enabled us to increase tho overall loop 
gain to the point that effective control of power 
level can bo assured In lilgbly variable wind con- 
ditions. Figure 13 is an indication of the control 
system effectiveness. The present control system 
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used ill conjunction wlCli tlio Cluld coupling luia 
demonotrated ofCectlvo control of power loval on 
tlio Hod-0 nwclilno In highly vaclablo wind condl- 
tlonu. Tlio conulto of Hod-0 control ayntem teota 
tmd unnlyulu will bo oubjcct of a rejn'rt to bo ro- 
loaacd ohortlyi 

concluding REMAKKS 

Tlilu paper haa prouented a brief dcucriptlon 
of thu Hod-0 mechanical ond control oyatemo. Op- 
erntlonnl oxporlonco wltli the yaw drive and the 
power controller la nluo preaonted* Ao a rcnult of 
the Hqd-0 downwind rotor teat experience, the fol- 
lowing rcmnrko enn be mndei 

1, Power level can bo controlled offuotlvcly 
with a cloned loop integral and proportional control 
oyatcra, oporatlng on output power, if adequate 
damping in proaent in the drive train, 

2, The wlitd dlroctloit ao Been at hub height lu 
highly variable and the error band should be act 
quite wide (approx, +25° for Hod-0) for wind cur- 
bincB with poaltlve yaw drive ayutems, 

3, Frictional damping In yaw muat be provided 
for the Hod-0 wind turblno to prevent large rotor 
and yaw drive loada from occurring during yawing 
epcratlons. A damping force muat also bo provided 
when the nacelle la not yawing, otlicrwlao the na- 
celle muat be locked to the tower, 

Mod-0 teuta Indicate that a potential exiata 
for a free yaw downwind rotor machine. However, 
atepa must be taken to Increase the atabiliclng 
force with rotor offset or coning, and some positive 
restraining force or damping In yaw may be required. 
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Amif*ct 


The Mod-O 100 kW Ex|ierimental Wind Turbine was designc'd and fabricated by NASA, as part 
of the Federal Wind Energy Program, to assess technology requirements and engineering 
problems of large wind turbines. The machine became operational in October 1975 and has 
demonstrated successful u|x>ration in all of its design modes. During the course of its opera- 
tions the machine has generated a wealth of experimental data and has served as a prototyp<‘ 
developmental test bed for the Mod-OA o|)eratlonal wind turbines which are currently used on 
utility networks. This paper describes the mechanical aiid control systems as they evolved in 
operational tests and describes some of the experience with various systems in the downwind 
rotor configuration. 
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